Background Obstructive sleep apnea (OSA) is closely associated with atrial fibrillation, which is provoked by electrical and structural remodeling. However, the association between OSA and atrial remodeling has not been fully elucidated.
bstructive sleep apnea (OSA), the most common form of sleep-disordered breathing, is associated with cardiovascular (CV) diseases. 1 The mechanisms underlying the association between OSA and CV diseases are suggested to be structural, electrical, neurohormonal, metabolic, thrombotic or inflammatory consequences caused by chronic repetitive nocturnal hypoxia and/or hypercapnia. [2] [3] [4] [5] [6] Several reports [7] [8] [9] have demonstrated that atrial fibrillation (AF) is closely associated with OSA, but the pathophysiologic mechanisms of the association between OSA and AF remain unclear. The electrical and/or mechanical remodeling of the atria is considered to be the pathophysiologic feature of AF. 10 A recent report has demonstrated that the atrial electromechanical conduction time, as measured by tissue Doppler imaging (TDI), is a predictor of postcoronary artery bypass graft AF, and they found that a prolonged electromechanical interval appeared to indicate atrial remodeling for an arrhythmogenic substrate. 11 We investigated whether OSA has an effect on the atrial electromechanical activation time (EMAT) as a measure of atrial remodeling. In particular, because several overlapping risk factors of OSA and AF, such as male gender, obesity, congestive heart failure, systemic hypertension (HTN), diabetes mellitus (DM), and ischemic heart diseases, were likely to be present in our study subjects, we attempted to minimize their effects.
Methods

Study Populations
From 5 March, 2007 to 21 December, 2007, we conducted a case -control study including 24 male patients with severe OSA and 24 male controls who were free of OSA and matched the OSA patients for age and body mass index (BMI). We selected these subjects from 609 participants, who were members of a population-based cohort included in the Korean Genome Epidemiology Study (KoGES) and who underwent overnight polysomnography (PSG). The information on KoGES is available elsewhere. 12, 13 In brief, the cohort study began in 2001 among a total of 5,015 male and female Korean citizens, aged 40-69 years, who participated in a comprehensive health examination and on-site interviews at Korea University Ansan Hospital. All participants completed interviewer-administered questionnaires, which included questions on demographic information, medical history, and lifestyle. Cohort members have been followed up biennially by a scheduled site visit. On the basis of the polysomnographic measures assessed between 2001 and 2005, we enrolled cases of severe OSA, which was defined as an apnea -hypopnea index (AHI: average number of episodes of apnea and hypopnea per hour of sleep) >30 events/h, and their matched controls with an AHI <5 events/h. Exclusion criteria limiting enrollment were symptomatic heart failure, ischemic or structural heart disease, chronic lung diseases, electrolyte imbalance, abnormal thyroid function tests, implanted pacemaker or defibrillator, sick sinus syndrome, previous history of AF, use of continuous positive airway pressure (CPAP), and inadequate echocardiographic imaging. Each participant signed an informed consent form prior to the study, which was approved by the Human Subjects Review Committee at Korea University Ansan Hospital.
PSG
All enrolled subjects underwent overnight PSG at the sleep laboratory with a computerized PSG device (Alice 4; Respironics, Atlanta, GA, USA). Sixteen channels were used to document the following parameters: 4-channel electroencephalogram, electro-oculogram, submental and leg electromyograms, electrocardiogram (ECG), airflow at the nose and mouth (thermistors), chest movement, abdominal respiratory movement, oxygen saturation (pulse oximetry), snoring microphone, and body position. According to the standard criteria, all of the PSG results were manually scored and sleep arousal was identified. We defined apnea as the absence of airflow for 10 s and hypopnea as a discernible reduction of the airflow associated with a reduction of oxygen saturation by 4% from the baseline.
Transthoracic Echocardiography
All enrolled subjects underwent transthoracic echocardiography with TDI analysis (Vivid 7™; GE Vingmed, Horton, Norway). A single experienced investigator, who had no information about the demographic and clinical characteristics or PSG data for the OSA cases and controls, performed the recordings and measurements using a computerized off-line analysis station (Echopac™ 6.3.4; GE Vingmed). All measurements were taken from 5 consecutive cardiac cycles and averaged. The left atrial (LA) volume was determined by the area -length method from the 4-and 2-chamber views at the maximal atrial dimension and adjusted for the body surface area. The left ventricular (LV) mass index was determined by the Devereux formula and adjusted for the body surface area. 14 The LV ejection fraction (EF) was obtained via the modified biplane Simpson method from the apical 4-and 2-chamber views. Transmitral pulsedwave Doppler velocities were recorded from the apical 4-chamber view with a 2-mm Doppler sample placed between the tips of the mitral leaflets. Early (E) and late (A) wave velocities, and the E/A ratio were measured from the mitral inflow profile. Pulse-wave TDI was obtained from the apical 4-chamber view. A 2-mm sample volume was placed at the septal mitral annulus. Systolic (Sa), early diastolic (Ea), and late diastolic (Aa) velocities were measured and the E/Ea ratio was subsequently calculated. We defined the atrial EMAT as the time interval between the initiation of the ECG P-wave (lead II) deflection and the peak of the local lateral LA TDI signal on the apical 4-chamber view (Fig 1) . To improve accuracy, measurements of the atrial EMAT were performed with calipers during a sweep speed of 50-100 mm/s.
Statistical Analysis
All values are expressed as mean ± SEM for continuous variables and as number and percentage for categorical variables. Descriptive statistics on the characteristics of the study participants and clinical data were calculated. For continuous data, statistical differences of the means were evaluated using an unpaired Student's t-test. For categorical data, differences in proportions were assessed using a chi-square test. Spearman rank correlation coefficients were estimated for the associations of echocardiographic and AHI or the atrial EMAT. Multiple stepwise linear regression analysis was used to identify independent factors of OSA severity or the atrial EMAT. All statistical analyses were conducted using SPSS statistical software, version 13.0 (SPSS, Inc, Chicago, IL, USA). Statistical significance was set at P<0.05 (2-sided).
Results
The baseline characteristics are listed in Table 1 . The present study included only male subjects, who were assigned to either the case group or the control group on the basis of AHI (<5 events/h for the controls and >30 events/h for the severe OSA cases) derived from overnight PSG. There were insignificant differences between the controls and OSA cases in age, BMI, systolic and diastolic blood pressures (BP), heart rates, blood levels of cholesterol and glucose, and proportion of underlying diseases. Systolic and diastolic BP appeared to be well controlled and the proportion of patients using medications for HTN was not statistically different between the groups. Table 2 shows the echocardiographic data for the controls and OSA cases. No significant differences were observed in conventional echocardiographic variables, such as the LVEF, the LV mass index, the LA dimension, the LA volume index (LAVI), E and A wave velocities of mitral inflow, and the E/A ratio. In the context of TDI, although the Sa and Aa velocities of the mitral annulus were not statistically different between the groups, the Ea velocity of the mitral annulus and the atrial EMAT were significantly lower and longer in the OSA cases compared with the controls. Fig 2 shows the associations of the AHI and the echocardiographic variables among the OSA cases. The AHI was significantly correlated with the atrial EMAT (Fig 2A) , the Ea velocity of the mitral annulus (Fig 2B) , the LA dimension (Fig 2C) , and the E/Ea ratio (Fig 2D).  Fig 3 demonstrates the associations of the atrial EMAT and the other variables among the OSA cases. The atrial EMAT was significantly associated with the Ea velocity of the mitral annulus (Fig 3A) , the LA dimension (Fig 3B) , the E/Ea ratio (Fig 3C) , and the diastolic BP (Fig 3D) .
In the multivariate stepwise linear regression analysis (Table 3) , we found that the atrial EMAT (P=0.004) and the Ea velocity of the mitral annulus (P=0.042) were the independent parameters associated with the AHI in the OSA cases. Of the echocardiographic parameters, the atrial EMAT was independently associated with the Ea velocity of the mitral annulus (P=0.028).
Discussion
We observed that patients with severe OSA had a longer atrial EMAT than the controls and that the atrial EMAT was independently correlated with AHI among the OSA cases. However, conventional echocardiographic parameters, including LA dimension and LAVI, which are known as hallmarks of structural remodeling, 15 were not significantly different between the OSA cases and the controls. It has been suggested that the atrial EMAT measured by TDI may be a better indicator of atrial remodeling induced by OSA than other variables. Furthermore, the Ea velocity of the mitral annulus, which reflects LV early diastolic function, 16 was inversely correlated with the atrial EMAT and AHI among the OSA cases. A possible mechanism of these relationships is thought to involve the LA loading conditions secondary to repetitive hypoxemia and intermittent changes in intrathoracic pressures during apneic episodes. Hypoxia and negative intrathoracic pressure induce impaired LV relaxation, which results in LV diastolic dysfunction. These effects may cause the increase in the residual LA volume at the time of LA contraction, which means that LA preload is augmented and may cause an increase in the LV pressure during LA contraction, augmenting the LA afterload. These augmentations of LA preload and afterload may affect the atrial EMAT, so it has been suggested that OSA results in early diastolic dysfunction of the LV, which may contribute to prolongation of the atrial EMAT. Atrial remodeling is accelerated in numerous clinical conditions, such as HTN, DM, dyslipidemia, ischemic heart disease, and obesity. [17] [18] [19] The mechanisms for atrial remodeling are thought to be related to LV dysfunction, deranged plasma volume control and/or intensified neurohormonal activation, as well as development of an atrial myopathy secondary to oxidative stress and lipoapoptosis. 20 These factors are also known to be pathophysiologic consequences of OSA. [2] [3] [4] [5] [6] Although several studies [7] [8] [9] have demonstrated that OSA is closely associated with AF, the pathogenesis of AF in OSA has not been fully clarified, possibly because there are overlapping risk factors for OSA and AF. Gami et al 7 reported that OSA was a strong predictor of incident AF (Hazard ratio 2.18, P=0.002) and that the measures of OSA severity were also strong predictors of incident AF: the log of the AHI (P<0.001) and tertiles of the AHI (P=0.001). They have also demonstrated that OSA is more prevalent in patients with AF than in high-risk patients with other CV diseases. 8 Kanagala et al have observed a recurrence rate of 82% for patients with untreated OSA in contrast to 42% for OSA patients treated with CPAP and 53% for non-OSA individuals who had successful cardioversion of AF. 9 However, the impact of OSA on atrial remodeling for an arrhythmogenic substrate has not yet been investigated.
Various studies have investigated methods of identifying patients at risk of AF and of these, the P-wave duration is a noninvasive method of detecting intra-atrial conduction delay. Prolonged filtered P-wave duration (FPD) on the signal-averaged ECG (SAECG) has been associated with an increased incidence of AF in different clinical situations. [21] [22] [23] Another predictor of the risk of AF is the LA size or volume. In several AF models, atrial dilatation has been accompanied by a propensity toward a reentrant mechanism and persistent AF. 24, 25 On the basis of the general concept that an enlarged atria causes broad P-waves on a standard ECG, several studies have focused on the influence of atrial size on the P-wave duration in patients with or without AF, but the results are conflicting. Budeus et al have reported a significant positive correlation between FPD and atrial size (r=0.57, P=0.001) in patients with paroxysmal AF, 26 whereas Ishimoto et al did not observe a significant correlation between FPD and atrial volume, which was measured by cine magnetic resonance imaging, in patients with paroxysmal AF. 23 Chalfoun et al demonstrated a strong correlation between FPD and atrial size in patients who remained in sinus rhythm (R 2 = 0.67, P=0.003), but not in those who returned to AF (R 2 = 0.11, P=0.65) after electrical cardioversion for persistent AF, and they suggested that the lack of correlation between atrial size and FPD in those who reverted back to AF might be related to electromechanical dissociation in their atria. 27 In patients with AF, such a discrepancy may be caused by fundamental limitations. First, cardiac imaging techniques are useful for determining atrial size or volume, but are not always accurate in obtaining adequate atrial images because the atria do not have a simple geometric shape. Second, atrial size and volume correlating with P-wave duration represent structural variables rather than reflecting functional variables of the atria. Recently, Merckx et al described a novel technique for estimating the total atrial conduction time (TACT) based on the lateral wall of the LA just above the mitral valve, which is usually activated last during sinus rhythm; they measured the time from the onset of the ECG P-wave (lead II) until the peak of the local lateral LA TDI signal and observed that the measured time had a stronger correlation with the P-wave duration determined by SAECG (r=0.911, P<0.001) compared with other conventional echocardiographic variables. 28 In the present study, we described the TACT as the atrial EMAT and provided data to support the hypothesis that assessment of electromechanical coupling using TDI is useful for identifying differences in atrial remodeling according to the presence or absence of OSA. Previously, Otto et al 29 reported that patients with moderate-to-severe OSA have impaired LV diastolic function and increased LA size, irrespective of obesity, and that OSA itself may induce cardiac changes that could predispose to AF and heart failure. They have proposed that chronic diastolic dysfunction in patients with OSA may contribute to increased LA size, the development of heart failure, and a greater incidence of AF. Similar findings, except for an insignificant difference in LA size or volume measured by conventional echocardiography, were observed in our study. The inconsistent results related to LA size or volume may be partly related to some different characteristics of the study populations. We recruited community-dwelling male patients with severe OSA (AHI >30 events/h), for whom the mean BMI was 26.9±0.8 kg/m 2 . However, Otto et al enrolled obese (BMI ≥30 kg/m 2 ) men with moderate-to-severe OSA (AHI ≥15 events/h). Obesity is a major predisposing factor of OSA, but a less significant factor for older patients, 30 particularly those from the Asia-Pacific population. 13, 31 
Study Limitations
First, even though we carefully selected study subjects and observed insignificant differences in the proportion of coexisting diseases between the OSA cases and controls, we were unable to exclude completely the confounding effects of coexisting diseases on functional or structural alterations of the atria. Few studies have investigated the independent role of OSA in atrial remodeling, taking into account confounding factors, because OSA occurs with multiple coexisting diseases. To clarify the association between OSA itself and atrial remodeling, it may therefore be helpful to investigate whether atrial remodeling provoked by OSA is reversible after treatment of OSA, such as CPAP. Reverse remodeling is considered convincing in the early stages of LA structural and functional disturbances. 32 Second, we cannot be convinced that prolongation of the atrial EMAT correlated with the genesis of AF. Based on the present results that patients with severe OSA had a prolonged atrial EMAT and LV diastolic dysfunction, which were significantly correlated with AHI, we can only speculate that these changes may contribute to a greater incidence of AF. Therefore, carefully designed prospective studies are necessary to establish a causal relationship between the atrial EMAT and the incidence of AF. Third, we included only men because the number of women with severe OSA in the population-based cohort members was too small. Therefore, our results cannot be generalized to women with this condition.
Conclusions
We assessed atrial electromechanical coupling using TDI in male patients with severe OSA and matched control subjects, and found that the atrial EMAT was significantly longer in OSA patients than in the control subjects. The atrial EMAT significantly correlated with AHI, reflecting OSA severity, irrespective of other conventional echocardiographic variables. We also demonstrated that the atrial EMAT was independently associated with the Ea velocity of the mitral annulus, which reflects LV early diastolic function. OSA might result in early diastolic dysfunction of the LV, progressing to atrial remodeling.
